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Introduction
Epipelic diatoms are the major group of photoautotrophic organisms inhabiting intertidal fine sediments in estuaries (Admiraal, 1984 ; Underwood, 1994) . Diatom-dominated biofilms are important in the ecology of estuarine mudflats as such biofilms exhibit high rates of primary production (Pinckney & Zingmark, 1991 ; Brotas & Catarino, 1995) , influence erosion and deposition of sediment (Underwood & Paterson, 1993a ; Paterson, 1994) and affect sedimentwater nutrient fluxes (Sundba$ ck & Grane! li, 1988 ; Nilsson et al., 1991 ; Rysgaard et al., 1995) .
Though freshwater diatoms are regularly used as indicators of trophic status (Bennion, 1994) , little is known about the autecology, and species-specific preferences for salinity and nutrients, of estuarine and marine epipelic diatoms. Because many epipelic diatom species are cosmopolitan in their distribution and are found in the fluctuating environment of estuaries, it has been considered that estuarine epipelon tolerates a broad range of environmental conditions (Admiraal, 1984) . However, the existence of seasonal and spatial patterns in species abundance within saltmarsh, sand and mudflat habitats (Sullivan & Montcreiff, 1988 ; Oppenheim, 1991 ; Laird & Edgar, 1992 ; Underwood, 1994 ; Saburova et al., 1995 ; Peletier, 1996) indicates that epipelic taxa do have specific (though possibly quite broad) niches. Field studies have
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shown that salinity and temperature are important environmental variables influencing species abundance (Sullivan & Moncreiff, 1988 ; Oppenheim, 1991 ; Underwood, 1994) , though such conclusions need to be supported by experimental data. Autecological studies can be used to understand the relationship between potential and actual niche width (Cox, 1994) , but this approach removes both the effect of the complex physical and chemical properties of surface sediments (Admiraal, 1984) and the potential for interspecific interactions (de Jong & Admiraal, 1984) .
Information on the environmental ranges of marine epipelic diatoms is needed to aid interpretation of preserved diatom material in coastal sediment cores used in reconstruction of past environments (Laird & Edgar, 1992) and to predict the consequences of increased nutrient loadings in estuaries. Increasing estuarine eutrophication can lead to algal mats becoming dominated by filamentous cyanobacteria and macroalgae (especially Enteromorpha spp.) (Nilsson et al., 1991 ; Raffaelli et al., 1991 ; Sundba$ ck & Snoeijs, 1991 ; Sundba$ ck et al., 1996) . The distribution patterns of certain estuarine epipelic diatom species have been shown to be related to gradients of sulphide caused by organic pollution (Admiraal & Peletier, 1979 , 1980 Peletier, 1996) yet other studies have shown no consistent effect of nutrient enrichment on biomass, diversity and species richness of diatom assemblages in different US saltmarshes (Sullivan & Daiber, 1975 ; Sullivan, 1975 Sullivan, , 1978 . Before predictions of changes in estuarine intertidal microflora due to nutrient enrichment can be made, the responses of intertidal epipelon to nutrients need to be experimentally tested.
This paper presents data from a number of sequential studies carried out between December 1992 and November 1994 to investigate changes in the relative abundance of diatoms along an estuarine gradient and changes in population density of individual algal taxa over short distances in relation to gradients of nutrient concentrations (mainly nitrogen compounds) associated with the outfall of a rural sewage treatment works. The hypothesis that ammonium concentrations were responsible for much of the small-scale spatial variation in epipelic species abundance in the field was tested by experimental manipulation in laboratory tidal systems. This type of combined field and laboratory approach has the advantage over purely field-based studies in that it permits hypotheses based on correlative data to be tested.
Methods
The Colne estuary is a small (approximately 16 km long) muddy estuary on the east coast of the UK (Fig. 1) . Due to inputs from the River Colne and a large sewage treatment works at the head of the estuary, the estuary exhibits strong decreasing gradients of NO $ − , NH % + and PO % #− down the estuary, contrary to a salinity gradient (Sage, 1995 ; Ogilvie et al., 1997) . Concentrations of NO $ − and NH % + can exceed 1 mM at the head of the estuary (Ogilvie et al., 1997) . 
Field measurements of diatom relative abundance, cell densities and nutrient concentrations
In December 1992 epipelic diatoms were sampled from 12 sites (from 2-32 = salinity) situated along the estuary (Fig. 1) . At each site 10 replicate lens tissue samples (Eaton & Moss, 1966) were collected at low tide from the mean tidal level, as well as 10 minicore (2 cm i.d. -internal diameter) samples used for determination of sediment water content and sediment ash-free dry weight (AFDW) (105 mC for 24 h followed by 550 mC for 1 h) and porewater salinity measurements. Lens tissue material was acid-cleaned, using saturated potassium permanganate and HCl, and permanent mounts made in Naphrax (NBS, Ipswich, UK). The relative abundance (RA) of diatom species was determined by counting a minimum of 200 valves in each of the replicate samples. Principal components analysis was carried out on the species RA data, and the resulting principal components correlated with environmental variables.
To investigate changes in species abundance on a smaller spatial scale, six sample stations, marked with posts, along a 300 m long transect of saltmarsh creek from close to the effluent outfall of a small rural sewage treatment works into the main drainage creek were established in Colne Point saltmarsh (51m 45h N, 01m 03h E), a large (276 ha) saltmarsh at the mouth of the Colne estuary (Long & Mason, 1983) (Fig. 1) . These creeks had substantial mudbanks along their sides, supporting abundant epipelic algal biofilms, and were fully exposed during low water spring tides. Field measurements to determine the distribution of epipelic microalgae in relation to sediment nutrient concentrations were carried out during November 1993 and February 1994. Material was collected from the site in November 1994 to carry out an experimental manipulation to determine nutrient preferences of the epipelic algae (see below).
All sampling was carried out around the two hours either side of a midday low water during spring tides. At each station, 15 random samples of the top 2 mm of surface sediment were taken using minicores. Five of these samples were fixed in 1n5 ml of 1% (v\v) glutaraldehyde solution, five samples were used for determination of sediment water content and AFDW and five samples freeze-dried and used to determine sediment chlorophyll a (Chl a ; spectrophotometrically using a cold methanol extraction and correcting for phaeopigments) and total carbohydrate concentrations (using the phenol-sulphuric acid method) (see Underwood et al., 1995) . Five separate, 10 mm deep sediment samples were taken using cores (60 mm i.d.), and centrifuged at 3620 g for 10 min to obtain pore-water for nutrient analyses. Surface sediment temperature was measured using a thermometer and porewater salinity using a hand-held refractometer. On the next high tide following sediment sampling, five 20 ml samples of high tide water at each station were collected for nutrient analysis of overlying water. Porewater and overlying water was filtered (Whatman no. 1) and frozen at k20 mC. Samples were subsequently analysed for nitrite, nitrate (determined after reduction to nitrite using a Cu-Cd column), silicate (Parsons et al., 1984) and ammonium (Krom, 1980) . Sediment samples fixed in glutaraldehyde were diluted 10-fold in 1 % glutaraldehyde for counting. At least five subsamples of each sample were counted ati400 magnification using a haemocytometer, with dilutions adjusted to give at least 20 cells per grid. Epipelic diatoms were scored as individual cells, with only cells containing visible plastids being counted. Filamentous cyanobacteria were scored as units of 10 µm length, a value chosen as close in size to many small typical epipelic diatom taxa. All counts were expressed as cells (or unit lengths) cm −# . Shannon diversity indices for the assemblages were calculated (Hh l kΣ p i log p i where p i is the proportion of species i in the sample). Some fixed material was acid-cleaned to facilitate diatom species identification using standard texts. Cross-comparison of fixed and cleaned material allowed the common diatom and cyanobacterial taxa to be identified.
ANOVA, followed by post-hoc Tukey tests, was used to determine differences in population densities of individual taxa and concentrations of nutrient between the six stations. Pearson correlation coefficients were calculated for the complete field data set. All the physicochemical data were analysed using principal components analysis (PCA), with the resulting principal components (PC) being correlated with the abundance of different microphytobenthic taxa.
Response of epipelic algal assemblages to experimental ammonium enrichment
Fifteen sediment cores (60 mm i.d., 80 mm depth) with undisturbed epipelic algal assemblages were collected from stations 1, 3 and 5 in November 1994. Five cores from each station were placed in a recycling tidal system (Hay et al., 1993) receiving ammonium-enriched (using NH % Cl) seawater (450-500 µM), five cores were placed in a system with unmodified seawater (approximately 10 µM ammonium, salinity 25 =) and the remaining five cores used to measure cell densities and nutrient concentrations (methods above). Ammonium concentration in the enriched treatment was monitored and maintained between 450 and 500 µM. These ammonium concentrations were used to overcome the natural buffering capacity of sediments and to generate a substantial concentration difference between treatments, rather than to mimic subtle in situ gradients. Seawater in both treatments was replaced with new seawater (amended accordingly) after 14 days to renew the supply of other nutrients. The tidal systems ran for 26 days in an unheated greenhouse exposed to natural daylight, with a 7.5 : 4.5 h exposure : submergence tidal cycle that progressed 50 min 24 h −" in synchrony with the tides at the field site. During submergence, turbidity of the recycled water substantially reduced the amount of light reaching the surface of the cores, thus recreating the natural field conditions. Epipelic biofilms were observed to maintain their migratory rhythms during this time.
After 26 days all cores were sampled for algal biomass, cell densities and NH % + concentrations. Two-way ANOVA was used to compare cell densities of individual species between treatments (initial, control, jNH % + ) and between treatment and site.
Results

Gradients along the estuary
Pore-water salinity at the 12 sites along the Colne varied between 2 = and 32 =, sites 1 and 2 being oligohaline (0.5-5 =), sites 3 and 4 mesohaline (5-18 =), sites 5-9 and 12 polyhaline (18-30 =), and sites 10 and 11 euhaline ( 30 =). Sediment water content did not differ significantly between sites (55-70 %) apart from at site 9, where water content was 28 %. Site 9 also had the lowest AFDW Mean values (n l 10) for combined data are given, unless significant differences between sampling times were found (when n l 5, (1) 25 November 1993 and (2) 4 February 1994). Standard deviations were all less than 10 % of the mean value. Mean values in bold and italic are significantly (p 0.05) higher or lower respectively than the other values.
(6 %), while site 3 (adjacent to the sewage treatment works outfall) had a sediment AFDW of 19.2 %. The sites were ranked according to their position along the described nutrient gradient present in the Colne (Ogilvie et al., 1997) , and Spearman rank correlation coefficients between species RA and environmental variables calculated (Table  1) . Abundance data for 16 taxa of diatoms were suitable for statistical analysis ; 4 taxa showed significant correlations with the estuarine nutrient gradient, 3 taxa with salinity and 1 taxon with sediment AFDW (Table 1) . Principal components 1 and 2 (PC1, PC2), derived from PCA using relative abundance data for 16 taxa of epipelic diatoms, explained 58 % of the total variation (Fig.  2) . Sites nearest the head of the estuary had high RAs of Navicula phyllepta and N. gregaria while Pleurosigma angulatum and Plagiotropis vitrea had higher RAs towards the seaward end of the estuary (Fig. 2) . Spearman rank correlation coefficients between PC1 and PC2 and environmental variables found that the gradient represented by PC1 was significantly positively correlated with salinity and negatively correlated with nutrient concentrations, while that of PC2 was negatively correlated with sediment water content.
Gradients within saltmarsh system
Concentrations of nutrients in pore water and overlying water at the different stations along the creek in Colne Table 3 . Mean density of microalgae and cyanobacteria (cellsi10% cm −# ) in the top 2 mm of sediment on 25 November 1993 (1) and 4 February 1994 (2) Mean values in bold and italic are significantly (p 0.05*, 0.01**, 0.001***) higher or lower, respectively, than the other values. NS, no significant difference in density. Point saltmarsh were not significantly different between sampling visits apart from overlying-water nitrate concentrations (higher in February, p 0.01) and pore-water silicate concentrations (higher in November, p 0.001) ( Table 2 ). Both sediment temperature and Chl. a concentrations were higher in February than November. Porewater concentrations of nitrate increased significantly away from the outfall, while pore-water and overlyingwater NH % + and pore-water silicate concentrations and AFDW were highest close to the outfall ( Table 2 ). The total inorganic nitrogen concentrations showed an increase away from the outfall.
Abundance data for 17 taxa of diatoms and cyanobacteria were suitable for statistical analysis. All 17 taxa showed at least some significant differences in cell density between stations on one or both of the sampling occasions (Table 3) . Navicula phyllepta, Nitzschia frustulum and Cylindrotheca signata showed a consistent pattern of higher densities away from the outfall, with Gyrosigma limosum present in higher densities towards the outfall. Other taxa showed consistent patterns on only one of the sampling occasions (N. pargemina) or just a patchy distribution (Table 3 ). There were no significant differences in diversity (Hh), evenness or mean number of species of the assemblages on either sampling occasion (data not shown).
The abundances of 8 of the 17 taxa found were significantly correlated with nitrite, ammonium or silicate concentrations in the pore-water or overlying-water (Table 4) . Nine taxa showed no correlation between cell density and nutrient concentrations. There were no significant correlations between the abundance of any of the 17 epipelic species considered and either pore-water or overlying-water nitrate concentrations. The population densities of 10 taxa were significantly correlated with either salinity or temperature (Table 4) .
PCA of physico-chemical gradient along creek
Principal components 1 and 2 explained 64 % of the variation in the physical and chemical data. There was a significant linear relationship between the six sample stations when their PC1 and PC2 scores were plotted (Nov. 1993, PC2 l 0.94 PC1-3.1, r#l 63 % ; Feb. 1994, PC2 l 0.90 PC1j3.0, r# l 69 %). Though the distri- Table 4 . Statistically significant Pearson correlations (n l 12, p 0.05*, p 0.01**, p 0.001***) between density of individual diatom and cyanobacterial taxa and of PCs 1 and 2 and biochemical variables measured in pore-water (p.w.) and overlying water (o.w.) in a creek at Colne Point saltmarsh, Essex, UK bution of sample points at the different sampling times was spatially displaced, the gradients of these two regression lines were not significantly different (Fig. 3) . This gradient represents similar changing patterns of nutrient concentrations reflected along the gradient. Therefore, though there were differences in concentrations, temperature, etc., between the two sampling occasions, the underlying nutrient gradient along the transect was the same on both occasions. PC1 was negatively correlated with ammonium concentrations in pore-and overlying-water, sediment AFDW and total carbohydrate concentrations, and was correlated positively with pore-water nitrate, pore-water nitrite and overlying-water silicate concentrations, salinity and sediment water content (Table 4) . PC2 was significantly positively correlated with nitrite and silicate concentrations and negatively correlated with Chl a and sediment temperature (Table 4) . Therefore, with increasing distance from the outfall, there was a general decrease in ammonium, nitrite and silicate concentrations and sedi- Table 1 ) and Oscillatoria limosa (pSE, n l 5) in the original (initial) undisturbed sediment cores sampled from stations 1 , 3 and 5 P, and after 26 days under in situ conditions in tidal laboratory mesocosms subjected to natural ($ 180 µM, control) and elevated (450 µM) pore-water NH % + concentrations. Results of twoway ANOVA ; S, site ; T, treatment, SiT, site-treatment interaction, p 0.05*, 0.01**, 0.001***. Absence of a bar indicates that the particular taxon was not detected in the counts. ment organic content and an increase in nitrate concentration, salinity and sediment water content.
Seven of the 17 epipelic taxa were significantly correlated with either PC1 or PC2 (Fig. 3) . The nutrient gradient represented by PC1 was correlated with a gradient of decreasing abundance of N. sigma, O. limosa and G. limosum, while that of PC2 was correlated with a gradient of increasing density of D. didyma, and decreasing density of P. angulatum, N. phyllepta and N. pargemina.
Experimental response of epipelic algal assemblages to ammonium
Initial sediment Chl a and phaeopigment concentrations were highest near the outfall (station 1, F #,$& l 25.5 for Chl a, l 25.7 for phaeopigments, p 0.01 in both cases) (Table 5 ). There were no site or siteitreatment effects on sediment Chl a concentrations during the experiment, but phaeopigment concentrations were significantly lower in both treatments at the end of 26 days ( The addition of ammonium to the overlying water (to 450-500 µM NH % + ) roughly doubled pore-water ammonium concentrations, and there were no significant differences in pore-water ammonium concentrations between stations in the enriched treatment at the end of the experiment. Qualitative observations revealed little macrofauna present in any of the cores, and no evidence of infaunal mortality due to ammonium enrichment. Two-way ANOVAs were carried out on the data for 11 diatom and 1 cyanobacterial taxa that were present in sufficient cell densities to permit statistical analysis (Fig. 4) . Gyrosigma fasciola, G. littorale and P. angulatum all showed significant treatment effects, with population densities declining with increased NH % + concentration (Fig. 4 A, B,  D) . In contrast, G. limosum was not affected by NH % + enrichment (Fig. 4 C) . The population density of N. digitoradiata in cores from station 1 (by the outfall) increased with increased NH % + concentrations, but decreased in station 5 material (Fig. 4 E) , while densities of N. phyllepta were significantly lower in the NH % + -enriched treatment (Fig. 4 F) . Densities of Cylindrotheca signata and C. closterium declined in all the cores kept in the tidal systems, but with a significantly greater decline in the ammonia treatment for both species (Fig. 4 G, H) . Nitzschia sigma and N. apiculata responded to ammonium enrichment in opposite directions, with densities of N. sigma increasing significantly and N. apiculata decreasing (Fig.  4 I, J) in the tidal systems, with a greater increase in the ammonium enrichment (Fig. 4 K) , while O. limosa densities in material from station 1 (which initially had significantly higher cell densities than at stations 3 and 5) increased significantly in both control and enriched treatments (Fig.  4 L) .
Discussion
Species responses to salinity and nutrients
The major axis derived from the ordination analysis of the epipelic species RA data was significantly correlated with both salinity and nutrient concentrations along a kilometre-scale estuarine gradient. The PC plot indicated that certain species were closely associated with particular areas, e.g. N. gregaria in the oligohaline, N. phyllepta in the mesohaline and P. angulatum and P. vitrea in the polyhaline regions of the estuary. Similar patterns of species distribution have been observed in other estuarine situations (both epipelic and epiphytic), and have generally be attributed to salinity (Cox, 1977 ; McIntire, 1978 ; Underwood, 1994) . Though salinity measurements are easily made, often quoted, and correlate with changes in species composition, experimental work with salinity suggest that it may not be an important environmental variable per se (Admiraal & Peletier, 1980 ; Admiraal et al., 1984) . Most estuarine systems exhibit strong decreasing gradients in nutrient concentrations towards their seaward end, i.e. contrary to salinity gradients (Nedwell & Trimmer, 1996 ; Ogilvie et al,. 1997) , and in reality it is not possible in field studies to separate the effects of salinity from nutrient concentrations. More experimental data in this area are needed.
Investigations on a smaller spatial scale (transect length 300 m) found that the population densities of diatom and cyanobacterial taxa were also significantly related to a combined nutrient\salinity gradient. The environmental variables that were significantly correlated with the population density of the greatest number of taxa were sediment temperature (6 of 17 taxa) and salinity (5 of 17 taxa). Within an estuarine ecosystem, changes in light intensity (which is closely linked to temperature) and salinity are probably the strongest seasonal signals (McIntire, 1978 ; Oppenheim, 1991 ; Underwood, 1994) and the separate clustering of the different sampling times in Fig. 3 was due to differences in temperature (and therefore probably also light) and salinity. However, temperature was not significantly different along the transect within each sampling event, and though there was a significant salinity difference within the transect, this was associated with significantly lower pore-water salinity at station 1, with no significant differences between stations 2-5. The salinity range in the saltmarsh creek (22.5-33 =, poly-to euhaline) was also much less than that along the whole estuary (oligo-to euhaline). Multivariate analysis showed that a consistent gradient of nutrient concentrations and organic content existed along the transect sampled, and that spatial variation in the densities of particular species was correlated with this gradient. We hypothesized that differences in species composition between sampling events were probably strongly influenced by temperature\light and salinity changes, whereas differences within sampling times may have been due to the multivariate nutrient gradient.
Concentrations of nitrate, either in overlying or pore water, did not significantly correlate with the abundance of any individual algal species. Though nitrate is the source of new production in marine phytoplankton, various studies (see Dortch, 1990) have shown that ammonium is a more readily assimilated source of nitrogen for marine phytoplankton and the assimilation preference of nitrogen compounds in marine benthic diatoms has been shown to be amino acids, ammonium then nitrate (Admiraal et al., 1987) . In the saltmarsh study the population densities of four taxa (O. limosa, Nitzschia sigma, Gyrosigma limosum and D. didyma) were significantly negatively correlated and three taxa (N. pargemina, N. phyllepta and P. angulatum) significantly positively correlated with the gradient of decreasing ammonium and increasing nitrate along the transect. In the laboratory experiment Nitzschia sigma and O. limosa increased in density, while N. phyllepta and P. angulatum decreased in density as a response to ammonia enrichment, while Gyrosigma limosum did not show any deleterious effects of ammonium enrichment compared with the control sediments -all results predictable from their field distributions. In some cases there were significant sitei treatment effects. The magnitude of population changes with ammonium enrichment were to some extent determined by the initial population density. For example, the high population density of P. angulatum at site 5 did not significantly change in the control treatment, but in material from station 3, the lower population density of P. angulatum increased in the control (Fig. 4 D) , whereas with O. limosa the response to enrichment was greatest in material from site 1, where O. limosa was originally abundant (Fig. 4 L) . The potential for a species to respond to ammonium enrichment will also have depended on other factors limiting the maximum population densities of epipelon in sediments (inter-and intraspecific competition for light, CO # etc.), and species close to this maximum density could not show further increases. Experiments with cultures could solve some of these problems, but there are problems in relating culture results to the ecology of natural mixed assemblages. Thus, although some of the experimental results may have been influenced by starting condition, both the initial dis-tribution patterns and species responses were in general agreement with the previous field results.
The results from the laboratory mesocosm experiment support the hypothesis that ammonium concentrations may play an important role in determining the field distributions of epipelon (though this does not exclude other factors reflected in the multivariate gradient). As well as serving as a nitrogen source, high concentrations of ammonium (approximately 1 mM) can have detrimental effects on benthic algae, this effect being enhanced in conditions of high pH (Admiraal & Peletier, 1979 ; Admiraal, 1984) . As the pH within biofilms can become greater than pH 9 during photosynthesis (Revsbech, 1989) , tolerance of ammonia toxicity is probably the selective mechanism for benthic diatom occurrence, earlier work showing that concentrations of ammonium less than 1 mM are selective for benthic diatoms (Admiraal, 1984) . Nitzschia sigma and G. limosum tolerate up to 500 µM ammonium, within the range measured in these experiments (Admiraal & Peletier, 1980 ; Admiraal, 1984) . Ammonium concentrations in benthic sediments appear to be an important factor influencing the distribution of benthic diatom species in both saltmarshes (Sullivan, 1978) and mudflats. Increases in the relative abundance of N. phyllepta, Nitzchia flanatica and P. angulatum in the EmsDollard estuary have been recorded, coincident with decreasing ammonium concentrations due to the installation of waste treatment processes by industries (Peletier, 1996) . However, though the above discussion indicates that N. phyllepta appears to favour low ammonium conditions, in the survey of the Colne estuary the highest relative abundances of this species were at site 3 by the Colchester sewage treatment works outfall, where ammonium concentrations are highest (Ogilvie et al., 1997) , and in a study of saltmarsh epipelon, N. phyllepta showed no significant patterns of seasonal, spatial or physicochemical preference (Underwood, 1997) . Such variability emphasizes the problems associated with determining the niches of estuarine epipelic diatoms.
Enrichment of sediments with additional nitrogen resulted in no major floristic changes : a similar lack of response at a higher taxonomic level has also been shown for sandy sediments (Sundba$ ck & Snoeijs, 1991 ; Nilsson et al., 1991 ; Nilsson & Sundba$ ck, 1991) , though in nutrientlimited cyanobacterial mats addition of nitrogen (N) and phosphorus (P) increased diatom abundance (Pinckney et al., 1995) . There is little indication of nutrient preferences at the generic level. Sundba$ ck & Snoeijs (1991) found that species of Nitzschia (mainly N. aurariae) were favoured by addition of N and P while Cylindrotheca closterium often becomes very abundant in laboratory systems (Nilsson & Sundba$ ck, 1991 ; Sundba$ ck & Snoeijs, 1991) and can tolerate ammonium concentrations up to 2500 µM (Admiraal, 1984) . Contrary to these published reports, both species of Cylindrotheca present in the initial material declined in our laboratory systems.
Biomass response to nutrients
There were no consistent patterns of elevated microalgal assemblage biomass (Chl a) associated with the nutrient gradient along the saltmarsh creek. Temporal variation in Chl a concentrations between sampling times was much greater than spatial variation along the nutrient gradient, with temporal differences being a factor separating samples on principal component 2 (Fig. 3) . High temporal variability in biomass is a common feature of intertidal epipelic diatom biofilms, with biomass dependent on local environmental changes such as erosion and deposition events, desiccation linked to tidal exposure and weather conditions, and periods of rapid growth during favourable conditions (Underwood & Paterson, 1993a, b ; Yallop et al., 1994 ; Saburova et al., 1995 ; de Jonge & van Beusekom, 1995) . In estuaries there is usually a switch between P-and N-limited conditions, with N being the main limiting factor at salinities greater than 10 ppt (Doering et al., 1995 ; Pinckney et al., 1995) . If epipelic assemblage biomass were nutrient-limited, then a significant relationship between diatom biomass and a nutrient gradient would be predicted, but this was not seen. The ammonium enrichment experiment also showed no significant treatment effects on Chl a concentrations, though the increase in the Chl a : phaeopigment ratio suggests an improvement in the physiological status of the assemblage (Pinckney & Zingmark, 1993) , possibly due to benign laboratory conditions. Enrichment experiments using NjP in noncohesive (sandy) substrata have showed varying levels of increase in microphytobenthic biomass with nutrient enrichment (Nilsson et al., 1991 ; Nilsson & Sundba$ ck, 1991 ; Pinckney et al. 1995) . However, fine cohesive estuarine sediments usually have much higher concentrations of dissolved nutrients than sands (Admiraal, 1984) and it has been suggested that intertidal epipelic benthic diatoms films are probably limited by CO # -or light-rather than nutrients (Admiraal et al., 1982 , Ludden et al., 1985 Mills & Wilkinson, 1986) .
Conclusions
Epipelic microalgal assemblages showed no increase in biomass as a response to either the nutrient gradient or ammonium enrichment. Even in sandy marine sediments, biofilms appear buffered against changes in overlying water chemistry (Nilsson & Sundba$ ck, 1991) , and microbial biofilms in other habitats have been shown to be buffered against changes in the overlying water (Freeman & Locke, 1995 ; Sundba$ ck et al., 1996) . The lack of any relationship between nitrate, ammonium or total inorganic nitrogen and biomass supports the hypothesis that nitrogen is not limiting growth of benthic microalgal assemblages in nutrient-rich estuaries. Seasonal changes in temperature\light and salinity probably have a major influence on epipelic species composition (Oppenheim, 1991 ; Underwood, 1994 ; Peletier, 1996) , but in estuarine systems salinity and temperature\light often also co-vary with nutrient concentrations (due to seasonality of nutrient inputs and dilution, Ogilvie et al., 1997) . Phosphate concentrations were not considered in this study, but water concentrations ranged between 2 and 20 µM in the lower reaches of the Colne, and up to 170 µM at the head of the estuary (unpublished data). The ratio of N to P may be important in determining species composition, but this has not been investigated for estuarine epipelon. On a smaller scale, population densities of different diatom species, measured both in the field and in laboratory mesocosms, were also significantly affected by multiple gradients of nutrients and concentrations of ammonium. These effects were species-specific responses, independent of assemblage biomass, and indicate that there is potential in the use of certain estuarine epipelic diatom taxa as indicators of trophic status.
